The aim of this study was to implement a seed morphometric and colorimetric database in order to develop specific statistical classifiers for 10 families representative of the Mediterranean vascular flora. The 501 analysed accessions consisted of 274 taxa belonging to 161 genera and 52 families. Images were acquired by a flatbed scanner and then elaborated by a macro software program developed for the morpho-colorimetric measurements. The mean seed weight was also calculated for each accession. Statistical classifiers were elaborated for genera and specific and infraspecific taxa discrimination within the following families: Apiaceae, Asteraceae, Boraginaceae, Brassicaceae, Caryophyllaceae, Cistaceae, Fabaceae, Lamiaceae, Poaceae and Scrophulariaceae. Such classifiers, based on Linear Discriminant Analysis and checked by cross validation, showed a performance ranging from 90.4% to 98.5% and from 87.8% to 98.3% at genus and taxon levels respectively. A first application of this technique to gymnosperm seeds was also presented. The performance of correct classification (93.6%) obtained for the genus Juniperus suggests that this technology is also reliable for gymnosperms. Seed weight improved the accuracy of the classifier system, confirming that an extensive database of bio-morphological traits constituted by a large number of seed species may be useful for taxonomic identification.
Introduction
Although morphological seed traits such as shape, size and external ornamentation represent important diagnostic factors in plant taxonomy studies (e.g. Thellung, 1926; Valdés, 1970; Viano, 1978; Sutton, 1988) , they are often not sufficiently considered in dichotomous keys of many families and genera. In fact they are observable in the field only for a short period, between the fruit and seed ripening and dispersal, when other important characters, such as flowers and leaves, often have already disappeared. However, the increasing availability of seeds collected from wild plants cultivated ex situ (e.g. botanic gardens) and, above all, stored in seed banks emphasizes the importance of seed macro and micro morphology studies in plant taxonomy. For example, Agulló et al. (1991) carried out a morphological seed analysis in 17 taxa belonging to 5 genera of the subfamily Papilionidae (Fabaceae) by evaluation of seed size, shape, external colour, weight and protein content to investigate their taxonomic relationships. González-Andrés et al. (1999) characterized three species belonging to the Medicago sect. Dendrotelis (Fabaceae), using 12 seed and 20 seedling morphometric characters, showing that they were more clearly differentiated on the basis of the seed characters. Kirkbride et al. (2004) created an interactive key accessible via internet for the seed identification of 683 commercially important legume genera. Fagundez and Izco (2003 , 2004a , b, c, 2006 analysed seed micromorphology, size and colour to investigate the taxonomic position of European species of Calluna, Daboecia and Erica genera (Ericaceae). Anderberg et al. (2008) investigated seed shape, seed coat structure and surface patterns in 34 species of the genus Lysimachia and in 14 species and 2 subspecies of 6 additional genera (Anagallis, Ardisiandra, Asterolinon, Glaux, Pelletiera and Trientalis) . Mapping the seed characters onto a recent phylogenetic tree, the authors identified potentially synapomorphic character states for various subclades of Lysimachia. Dadandi et al. (2009) elaborated an identification key based on macro and micromorphological properties of intact and mature seeds of 12 Turkish taxa belonging to the genus Nigella (Ranunculaceae) to assess the systematic position of these species.
The application of image analysis techniques allows implementing quick, precise and repeatable measurements of colour, size and shapes of the objects inside a digital image (Serra, 1982) . The cost reductions and the increased power of computer hardware and software packages for image processing have made image analysis systems more attractive in the automatic inspection of different aspects of quality evaluation and sorting of agricultural products (Chen and Sun, 1991) . Seeds have a three-dimensional (3D) shape, while captured images displayed on a monitor or on printed pages are two-dimensional (2D) (Loomis et al., 1999) . Nevertheless, several descriptors of seed size, shape and Red, Green and Blue (RGB) colour component densities can be easily estimated from 2D digital images (Dell'Aquila, 2007) . In a review on new computer imaging techniques applied to seed quality testing and sorting, Dell'Aquila (2007) reported 2 main applications in seed science: (1) to monitor seed germination and radical growth (e.g. Jansen, 1995; McDonald et al., 2001; Dell'Aquila, 2006) and (2) define markers for seed identification and sorting (e.g. Liao et al., 1994; Venora et al., 2007 Venora et al., , 2009a Dana and Ivo, 2008; Zapotoczny et al., 2008) . Bacchetta et al. (2008) characterized digital images of seed lots of wild plant species typical of the Mediterranean basin, stored at the Sardinian Germplasm Bank (BG-SAR) (Mattana et al., 2005) , using an image analysis system at the Stazione Sperimentale di Granicoltura per la Sicilia (SSG). The analysed accessions referred to 148 taxa belonging to 102 genera and 47 families. Images of diaspores (fruits and seeds) were acquired by a flatbed scanner and elaborated by a specifically developed macro, to record 13 morphometric and colorimetric measurements of each seed in the acquired images. This method allowed the development of a database for the characterization of autochthonous germplasm upon entry into the seed bank and the realization of statistical classifiers for the discrimination of genera and species within the following families: Apiaceae, Boraginaceae, Caryophyllaceae, Cistaceae, Fabaceae and Scrophulariaceae. Such classifiers, based on the Linear Discriminant Analysis (LDA) technique and checked by cross-validation method, showed a performance ranging between 74.3% and 96.4%. This system was later improved for the genus Astragalus by adding 20 new seed and fruit morphometric and colorimetric features. This new classifier had a better performance, discriminating with 100% accuracy between two closely related Astragalus species of Sardinia (A. maritimus and A. verrucosus) belonging to the subgenus Trimeniaeus.
The aims of this study were: (1) to increase the size of the database developed in previous works and evaluate the classifier identification performance with a larger dataset and (2) to develop specific statistical classifiers at family level and test the system on the genus Juniperus as a first application on gymnosperm seeds.
Materials and methods

Seed material and selection of the plant families
The 501 accessions analyzed in this study belonged to 274 taxa (species or lower ranks), 161 genera and 52 families, making a total of 47,493 fruits or seeds (hereafter referred to as seeds), mainly collected in Sardinia during the harvesting seasons [2004] [2005] [2006] [2007] [2008] and stored at the BG-SAR (Appendix 1, see page 469). Some material collected elsewhere in the Mediterranean basin (e.g. Italian and Iberian peninsulas, Corsica, Balearic and Hyères, Crete and other Aegean islands) was also used, as well as seeds obtained by ex situ cultivation in the Botanic Gardens of Cagliari or provided by other scientific institutions.
To create dedicated seed statistical classifiers, 10 plant families were selected based on their representativeness of the Mediterranean vascular flora and the amount of available seed lots stored at BG-SAR (table 1) . These 10 selected families comprised more than 50% of the genera, taxa, accessions, and seeds in the total database. Taxonomic classifications were made according to the Angiosperm Phylogeny Group (APG II, 2003) . 
Data acquisition
The images of seed samples were acquired according to Bacchetta et al. (2008) by a flatbed scanner (Epson GT-15000) with a resolution of 200 dpi and a scanning area not exceeding 1024×1024 pixel, before being dried at 15°C to 15% of R.H. to avoid any possible variation in dimension, shape and colour. For the analysis of every accession, a sub-lot of 100 seeds was randomly prepared; when an accession had fewer than 100 seeds, the analysis was done using the entire lot.
As the system works with 2D images and is therefore unable to distinguish between globose and flattened seeds, the mean seed weight of each accession was also determined by weighing air dried seeds on a four decimal place balance, as an estimate of the thickness (3D) of the seed. A total of 34 seed characters were measured (table 2). 
Image processing
The KS-400 V. 3.0 (Carl Zeiss, Vision, Oberkochen, Germany) image analysis system was used. To achieve the relative dimensions, shapes and colour of seeds (RGB -Red, Green, Blue and HLS -Hue, Lightness, Saturation channels), the macro developed for wild plant species characterization and later modified adding 20 new seed morpho-colorimetric features was used.
Classification statistics
Statistical analyses were performed using the stepwise Linear Discriminant Analysis method (LDA) to determine the best classification variables. The procedure of cross validation was applied to verify the performance of the developed classifiers. This method, is useful for small populations of data without a broad group of new unknown cases. The LDA method tests individual cases and classifies them on the basis of all the others (SPSS release 15, SPSS Inc. 1989 -2006 . The statistical analysis was carried out in two distinct phases. The whole database was used to develop a general classifier to discriminate all the studied accessions, according to families, genera and infraspecific taxa. Specific classifiers were then developed for generic, specific and infraspecific taxa identifications, within each selected family.
Results and discussion
General classifier
The database of seed characteristics has grown since it was first published in 2008, with many additional accessions included ( Mean seed weight (g) Table 2 . continued and 69.3% at taxa levels (table 3) . The general classifier presented here achieved a lower performance than in previous studies because of the huge variability in the data. As considered in our previous report , when the database becomes too large, it is better to divide it into separate databases and classifiers at the family level.
Statistical family classifiers
To overcome the relatively low accuracy of the general classifier, 10 dedicated statistical classifiers were employed for individual families representative of the Mediterranean vascular flora (table 4) . Performance of each developed classifier at genus and specific or infraspecific levels, including the previous results achieved by Bacchetta et al., (2008) . Following APG (2003) classification, species belonging to the genera Digitalis, Erinus and Linaria that in the previous work were considered as belonging to the Scrophulariaceae family, were considered with the Plantaginaceae family in this study. For the Scrophulariaceae family, an additional statistical analysis was also carried out without considering the APG classification, to compare the achieved results with the previous data (table 4) . Despite the number of accessions being more than doubled by increasing the number of genera, species and infraspecific taxa in the 6 comparable families (Apiaceae, Boraginaceae, Caryophyllaceae, Cistaceae, Fabaceae and Scropholariaceae), the classification performance was always higher than in the previous classifiers, except for the family Boraginaceae at genus level that had about a 1% of decrease in performance (table 4). The results achieved for this family may be explained by a reduction of its representativeness due to the addition of a new genus (Myosotis) represented by only one accession of one taxon. The Scrophulariaceae classifier (sensu APG) showed the largest improvement in classification performances both at genus and specific or infraspecific levels, notwithstanding the lower number of samples and analysed taxa (table 4) . These results confirm the taxonomic distance between the genera belonging to Plantaginaceae (and previously considered as Scrophulariaceae) and the genera Scrophularia and Verbascum. In fact, the analysis carried out considering all these genera (table 4) achieved lower results (79.2% and 85.3% at genus and specific or infraspecific levels, respectively).
Statistical classifiers were developed for four new families including Asteraceae, Brassicaceae, Lamiaceae and Poaceae, which reached performances of correct classification greater than 90.4% and 87.8% at genus and specific or infraspecific levels, respectively (table 4). In particular, high percentages of correct classification, both at generic (98.1%) and specific or infraspecific (98.3%) levels, were achieved for Brassicaceae (tables 4, 5). Seed characters are considered some of the most useful diagnostic characters for the taxonomy in this family, as previously reported in the literature (e.g. Vaughan and Whitehouse, 1971; Bengoechea and Gomez Campo, 1975) .
Key parameters
Evaluating the contribution of all the variables used by the discrimination algorithm (LDA), it was possible to identify the features that, more than others, could be considered peculiar to each family (table 6) . When there are many predictors (features), the stepwise method can be useful by automatically selecting the best variables to use in the model. This method starts with a model that doesn't include any of the predictors. At each step, the predictor with the largest "F to enter" value that exceeds the entry criteria (F ≥ 3.84) is added to the model. The "Tolerance" value is the proportion of a variable's variance not accounted for other independent variables in the equation. A variable with very low tolerance contributes little information to a model. The "F to remove" value is useful for describing what happens if a variable is removed from the current model. The features (predictors) included in the first five steps of the stepwise LDA method, are reported (table 6) together with the number of steps performed by the algorithm and the Tolerance and "F to remove" values in brackets. The feature Seed Weight, not included in the previous classifiers Mattana et al., 2008) , showed here its discriminatory power by achieving the highest "F to remove" values. Indeed, this feature was always present in the first five parameters considered by the discrimination algorithm, in all families' classifiers at least at one level (table 6 ). In particular, it was the first parameter at both levels for Lamiaceae and Poaceae, and at specific or infraspecific levels for Asteraceae, Boraginaceae, Caryophyllaceae and Cistaceae (table 6) . Distinguishing between morphometric and colorimetric features (table 2) , the latter were the more represented among the first five parameters, even if morphometric features were the first discriminant parameters at both levels for Apiaceae, Brassicaceae and Fabaceae (table 6) . Cistaceae and Scrophulariacaeae were the only two families for which there were non-morphological parameters in the first step at specific or infraspecific levels. These data suggest that both types of measurements should be considered when trying to achieve high percentages of correct classification, confirming the findings of Bacchetta et al. (2008) and highlighting as well that the integration of mean seed weight values improved the performance of the system.
Gymnosperms seeds
The percentage of correct identification of the species belonging to the genus Juniperus is reported (table 7) . Using the images of 1,700 seeds of 8 different taxa, the cross-validated classification performance was 93.6%. Figure 1 shows the first three function scores used to distinguish the taxa belonging to the genus, explaining 96.4% of the variability. The high percentage of correct classification between the two subspecies of J. phoenicea (98.8%), confirmed the differentiation at subspecies level (Amaral Franco do, 1986; Conti et al., 2005; Jeanmonod and Gamisans, 2007) or species level (RivasMartínez et al., 1993; Lebreton and Pérez de Paz, 2001 ) for these two taxa (table 8) .
The 89.7% of correct classification of J. communis subsp. communis and J. communis subsp. alpina (table 9) confirmed the taxonomic distance between them. These two taxa have been considered by several authors as two different subspecies (Amaral Franco do, 1980 , 1986 Jeanmonod and Gamisans, 2007) or species (Pignatti, 1982; Lebreton et al., 2000) , but were recently considered as the same taxon by a few authors (Farjon, 2001; Adams, 2004) .
These findings for the genus Juniperus suggest that this seed classifier technology, based on quick and cheap acquisitions of morphometric and colorimetric feature measurements of seed accessions upon their entry to a seed bank, is also reliable for gymnosperms. 
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Conclusions
This work validated the statistical classification system explored in previous works by the implementation of a general database and the elaboration of a dedicated seed classifier for each of ten families representative of the Mediterranean vascular flora. These results confirm, as stated by Dell'Aquila (2007) , that an extensive database of bio-morphological traits constituted by a large number of seed species may be applied also for sorting and taxonomy screening. A further step of this work will be to improve the classifiers adding other features related to the exact shape of the seeds with a morphological method based on the elliptic Fourier descriptors of approximation to closed contours in a two-dimensional plane. In addition, the availability of morphometric data should be helpful for ecological studies such as the prediction of seed persistence in the soil (e.g. Thompson et al., 1993; Cerabolini et al., 2003) . 
